Abstract. The adsorption of methylene blue (MB) dye onto screw pine (Pandanus tectorius) leave -based activated carbon (SPAC) was carried out in this work. The effects of initial MB concentration, contact time, initial pH and solution temperature on MB adsorption were investigated. MB adsorption uptake was found to increase with increase in initial concentration, contact time and solution temperature. The adsorption equilibrium data were best represented by the Freundlich model. Adsorption kinetic was found to follow the pseudo-second-order kinetic model. The mechanism of the adsorption process was determined from the intraparticle diffusion model. Boyd plot indicated that the MB adsorption on the SPAC was controlled by film diffusion. Thermodynamic parameters ∆G•, ∆H•, ∆S• and E a were also determined.
INTRODUCTION
Dyes have been extensively used in textile industries. Dyes can be classified according to their type, which reflect their macroscopic behavior and their application. There are various type of dyes used in textile industries such as acid dyes, basic dyes, disperse dyes, direct dyes, reactive dyes, solvent dyes, sulfur dyes and vat dyes (Robinson et al., 2001 ). Due to their good solubility, dyes are invariably left and frequently found in trace quantity in industrial wastewater as an effluent. Dyes in water affect the nature of water, inhibiting sunlight penetration and hence reduce the photosynthesis reaction. Furthermore, dyes effluents are hazardous and contain chemicals which may affect aquatic life and even food chain (Bilal et al., 2010) . In addition, some dyes have been found to be highly cytotoxic in mammalian cells and also acts as a liver tumour-enhancing agent (Satish et al., 2011) .
Several methods have been used for the removal of dyes from the aquatic environment, including physical, chemical, and biological processes (Koprivanac et al., 2008 , El-Maghraby et al., 2011 , Keivani et al., 2009 . Among the numerous techniques of dye removal, adsorption is the procedure of choice and gives the best result as it could be used to remove different type of coloring materials (Nazari et al., 2010 , Yasin et al., 2007 . Adsorption process is known to be very practical for dyes wastewater treatment provided the adsorbent used is easily available, efficient and cheap. Consequently, there are growing interest to find cheaper and renewable sources for activated carbon particularly from agricultural wastes is increasing recently (Rauf et al. 2009 , Prahas et al., 2008 , Sachin et al., 2011 .
Activated carbon includes a wide range of amorphous carbon-based materials prepared to exhibit a high degree of porosity and an extended interparticulate surface area. The effectiveness of activated carbon as an adsorbent can be attributed to its unique properties, including large surface area, a high degree of surface reactivity, universal adsorption effect, and favorable pore size (Tseng et al., 2006) . Activated carbons have been produced from a large number of carbonaceous raw materials such as coal, lignite, wood, coconut shell, and some agricultural waste products. The adsorption capacity of an activated carbon is related to its properties such as surface areapore volume, and pore size distribution (Dias et al., 2007) . The structure of an activated carbon is comprised of carbon atoms that are ordered in parallel stacks of hexagonal layers extensively cross-linked and tetrahedrally bonded. Several heteroatoms including oxygen, hydrogen, nitrogen and others can be found in the carbon matrix in the form of single atom and/or functional groups. The large surface area of an activated carbon is associated with their molecular size pores and capillaries formed within the carbon granules by selective burning and oxidation of raw material during activation. In terms of its total surface area, commercial activated carbons typically have total surface area in the range of 450 m 2 /g to
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1500 m 2 /g as measured by the nitrogen adsorption method (Dias et al., 2007) .
Many researchers have studied the applicability of low cost alternative materials like sawdust, bagasse, rice husk coir pith, olive stone, pine bark, coconut shell, tropical grass almond shells etc as carbonaceous precursors from the removal of dyes from wastewater (Ponnusami et al., 2008 , Ionnidou et al., 2007 . Other precursors of activated carbon production were investigated especially from agricultural wastes which are inexpensive, abundantly available and renewable materials. From the literature periwinkle shell (Bello et al., 2008) , straw (Tsai et al., 2001) , bamboo (Hameed et al., 2007) , pomelo peel (Hameed et al., 2008) , bamboo dust (Kannan et al., 2001) , teak tree bark powder (Patil et al., 2011) , spent tea leaves , jack fruit peel , Mediterranean green alga (Ncibi et al., 2009) , jute fibre (Martin et al., 2003) and dead macro fungi (Maurya et al., 2006) were used to prepare activated carbons and the present research is to remove methylene blue from aqueous solution using activated carbon prepared from Pandanus tectorius leaves.
Mengkuang is the Malaysian name for Pandanus tectorius. It is also known as screw pine, which is a plant belonging to the Pandanaceae family. This family has about 600 known species. This species vary in size and grow along mangroves and in local jungles. The leaves yield strong fibres that used for making rope and weaving hats and mats (Sheltami et al., 2012) .
In the present investigation, Pandanus tectorius leave-based activated carbon (SPAC) was prepared by physical activation for its potential to remove MB dye from aqueous solution. The equilibrium and kinetic data of the adsorption process were then analysed to study the adsorption isotherms, kinetics, thermodynamic and mechanism of MB on the SPAC.
MATERIALS AND METHODS
Preparation and characterization of activated carbon
Screw pine or Mengkuang leaves were obtained from a local orchard in Alor Setar, Kedah, Malaysia. The residue of Mengkuang leaves were firstly washed and subsequently dried at 378 K (105°C) for 24 h to remove the moisture content. The dried screw pine leaves were ground and sieved to the size of 1-2 mm and loaded in a stainless steel vertical tubular reactor placed in a tube furnace. Activation step was carried out after carbonization step at 993K (720°C) for 1h under purified carbon dioxide at flowrate of 300 mL/min for 1h. The sample was then cooled to room temperature under nitrogen flow.
The surface area, pore volume and average pore diameter of the SPAC were determined by using Micromeritics ASAP 2020 volumetric adsorption analyzer. The Brunaeur, Emmett and Teller (BET) surface area was measured from the adsorption isotherms using Brunauer-Emmett-Teller equation. The total pore volume was estimated to be the liquid volume of nitrogen at a relative pressure of 0.98. The surface morphology of the samples was examined using a scanning electron microscope (JEOL, JSM-6460 LV, Japan). The proximate analysis was carried out using thermogravimetric analyser (Perkin Elmer TGA7, USA).
Adsorbate
Methylene blue (MB) supplied by Sigma-Aldrich (M) Malaysia was used as an adsorbate. MB dye has a chemical formula of C 16 H 18 ClN 3 S . 2H 2 O with molecular weight of 355.89 g/mol. Deionized water supplied by USF ELGA water treatment system was used to prepare all the reagents and solutions.
Batch equilibrium studies
Batch equilibrium tests were carried out for adsorption of MB on the SPAC. The effects of MB initial concentration and contact time on the adsorption uptake were investigated. The sample solutions were withdrawn at equilibrium to determine the residual concentrations. The MB concentration in the solution after equilibrium adsorption was measured by a double beam UV-Vis spectrophotometer (Shimadzu, Model UV 1800, Japan) at 664 nm. The amount of adsorption at equilibrium, q e (mg/g), was calculated by:
where C o and C e (mg/L) are the liquid-phase concentrations of MB at initial and at equilibrium, respectively. V is the volume of the solution (L) and W is the mass of dry adsorbent used (g).
Effect of MB initial concentration and contact time
In order to study the effect of MB initial concentration and contact time on the adsorption uptake, 200 mL of MB solutions with initial concentrations of 50-500 mg/L were prepared in a series of 250 mL Erlenmeyer flasks. 0.2 g of the SPAC was added into each flask covered with glass stopper and the flasks were then placed in an isothermal water bath shaker at constant temperature of 303 K, with rotation speed of 120 rpm for 24 h. The MB percentage removal was calculated using Eq. (2).
Effect of initial pH
The various initial pH from 3 to 11 was prepared by adding 0.1M NaOH or 0.1M HCL. The pH measurement was conducted using pH meter. A 0.2g adsorbent was added to each 200 mL of dye solutions. The solutions were shaken at 120rpm for 24 h at 30°C.
Effect of temperature
The effect of temperature on adsorption was studied at 30°C or 303 K.
Batch kinetic studies
The procedure of kinetic adsorption tests was identical to that of batch equilibrium tests, however the aqueous samples were taken at preset time intervals. The concentrations of MB were similarly measures. The MB uptake at any time, q t (mg/g), was calculated by Eq. (3).
where C t (mg/L) is the liquid-phase concentration of MB at any time, t (h).
GENERAL DESCRIPTION OF EQUIPMENT
Activated carbon preparation
The preparation of activated carbon was carried out using the experimental setup shown in Figure A1 . The rig comprises of gas metering section and stainless steel tubular reactor equipped with programmable temperature controller. Gas flow meter was used to measure flow rates of supplied N 2 and CO 2 to the reactor. The connecting pipe in the system was made from Teflon tubing joined by stainless steel fittings. Whereas Figure 1 shows schematic diagram of the experimental setup for activated carbon production.
The vertical stainless steel reactor dimensioned of 150 mm long and 25 mm inner diameter were used to carry out carbonization and activation processes. A stainless steel wire mesh was placed at the bottom of the tubular reactor to prevent the sample from falling through. The reactor was placed in a vertical tubular furnace with programmable controller (Model Carbolite, USA). The furnace was 500 mm long and 82 mm inner diameter. The temperature within the sample bed in the reactor was measured by a K-type thermocouple, with maximum tolerant temperature of
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1000°C. The flue gas emitted from the reactor was condensed using a condenser at the bottom of the vertical tubular furnace. The reactor was placed in a vertical tubular furnace with programmable controller (Model Carbolite, USA). The furnace was 500 mm long and 82 mm inner diameter. The temperature within the sample bed in the reactor was measured by a K-type thermocouple, with maximum tolerant temperature of 1000°C. The flue gas emitted from the reactor was condensed using a condenser at the bottom of the vertical tubular furnace.
Batch adsorption and analysis system
Batch adsorption studies carried out in a set of Erlenmeyer flask (250 ml), with 200 ml adsorbate solution placed in the flask, with known initial concentration. Weight of adsorbent was fixed at 0.2 g per flask. Isothermal water bath shaker was used at fixed 120 rpm at constant temperature until a period of time. The water bath shaker was equipped with a temperature controller which could be preset from 25 to 100 ± 0.1 o C and rotation speed controller which could be fixed up to 250 ±1 rpm.
Double-beam UV-Visible spectrometer (Model Shimadzu UV-1800, Japan) was used to measure the concentration of the adsorbates. According to Beer's law, the linear relationship between absorbance and concentration of an absorbing species can be represented as: = where A i is the measured absorbance for component i, is the molar absorptivity coefficient of solute at wavelength, λ (nm), is the path length of the cell (1 cm) and is the solute concentration (mg/L). The absorbance, was obtained by the double-beam UV-Visible spectrophotometer through 1 cm path length of quartz cell.
The maximum wavelength of the MB was 664 nm. Calibration curve for MB dye concentration was measured to assure the homogeneity of the absorbance reading. Several known concentrations of each adsorbate were measured through 1 cm quartz cell placed inside the UV-Visible spectrophotometer analysis chamber. The calibration curves for dyes were obtained from the UV-Visible spectrophotometer as the plot of absorbance versus the solute concentration, C.
Characterization system
Characteristics of samples were analyzed by using surface area analysis, Scanning electron microscopy (SEM) and proximate analysis.
The surface area and pore characteristics of the sample were determined from the adsorption isotherms of nitrogen at 77 K onto the samples by using Micromeritics (Model ASAP 2020, USA). The system is operated by measuring the quantity of gas absorbed onto a solid surface at equilibrium vapor pressure by the static volumetric method. The calculations of surface area, pore volume and average pore size were performed by the software (Micropore version 2.46) whereas the specific surface area of the activated carbon was determined using BrunauerEmmet-Teller (BET) equation. The total pore volumes were estimated to be the liquid volume of nitrogen at a relative pressure of 0.98.
Scanning electron microscopy (SEM) was used to study the surface morphology of the samples including the pore structure, surface structure and pore arrangement. The analysis was carried out using a scanning electron microscope (SEM)(JEOL, JSM-6460 LV, Japan). The sample was put on the carbon tape on the aluminum stub and coated with gold for electron reflection. The sample was then vacuumed for 5-10 min before analysis.
Proximate analyses of the samples were carried out using simultaneous thermogravimetric analyzer (STA), (Perkin Elmer STA 6000, USA). The STA system interfaced to a microcomputer for data acquisition and control tasks. From the STA results, the moisture, volatile matter, fixed carbon and ash contents can be obtained by considering the weight of the sample as 100%. Any loss weight will be given by the system as percentage of the sample weight. The samples were heated from room temperature to 110°C in nitrogen (N 2 ) gas until dehydration complete to obtain the moisture content. Decomposition applied to sample at 850°C to determine amount of volatile matter. Fixed carbon was obtained by switching the N 2 flow to O 2 flow. The remaining weight represents as ash content. During carbonization and activation process, the excess volatile removed, thus explaining the decline in volatile content.
PARAMETERS LIMITATION
The agricultural by product which was chosen as precursor for preparation activated carbon was Pandanus tectorius leaves or screw pine leaves. The screw pine leaves were dried under sunlight a few days and further drying in an oven at temperature 105°C for 24 h.
The dried screw pine leaves were ground and sieved to the size of 1-2 mm and loaded in a stainless steel vertical tubular reactor placed in a tube furnace then carbonized at 400°C under nitrogen flow of 300 cm 3 /min. The heating rate was fixed at 10°C/min. Carbonization means to convert organic matter to elemental carbon at high temperature in the absence of oxygen. Volatile gases, usually consisting of carbon dioxide, carbon monoxide, hydrogen, methane and some light hydrocarbons, will leave the carbonization furnace to produce carbon char. The carbonization temperature range between 400 and 850°C. At this level, the char obtained normally have a low surface area and adsorption capacity since the porous structure is not well developed (Ahmad, 2006) .
The char produced was cooled to room temperature under nitrogen flow. The dried char was places inside the vertical furnace reactor for activation under nitrogen flowing at 300 cm 3 /min. This flow rate was maintained until 720°C (selected activation temperature). The following activation step is then employed to enlarge the diameter of fine pores and also create new pores so that the adsorptive power of the carbonization product is enhanced. Moreover, the pore structure and pore size distribution of activated carbon commonly varies based on the nature of raw materials and activation process (Chandra et al., 2009) In this present work, physical activation was selected where it involved carbonization of a carbonaceous material followed by the activation of the resulting char at elevated temperature in the presence of suitable oxidizing gases such as carbon dioxide. In the gasification, both the porosity and specific surface area of the carbon are increased. Carbonization temperature range between 400 and 850°C, sometimes reaches 1000 °C, and activation temperature range between 600-900 °C (Guo et al. 2009 ). The activation gas is usually CO 2 , since it is clean, easy to handle and it facilities control of the activation process due to the slow reaction rate (Zhang et al., 2004) .
Activation temperature and times are very important parameters in shaping the pore structure of activated carbons. The activated carbon prepared at 650 °C and 700°C have lower pore volumes compared to higher temperature. It appears that the changes in the solid yields and pore volumes as a function of time are insignificant at lower activation temperatures. On the other hand, a higher activation temperatures becomes more extensive and result in a lower solid yield with a more widened porous structure. Most of studies on activated carbon used activating temperature at high temperature or more than 700 °C rather than at the low temperature (300-500°C) to obtained the high surface area.
In short, the carbonization temperature was selected at 400°C and the activation temperature was selected at 720°C. Once the final activation temperature was reached, the nitrogen gas flow was switched off, while carbon dioxide gas was switched on and activation was held for 1 hr.
RESULTS AND DISCUSSION
Characterization of SPAC
The Brunaeur, Emmett and Teller (BET) surface area, total pore volume and average pore diameter of the SPAC were 917.84 m 2 /g, 0.4909 cm 3 /g and 2.32 nm, respectively. The average pore diameter of 2.32 nm indicated that the SPAC was in the mesoporous region. The high surface area and pore volume of the SPAC were due to the activation process used which involved CO 2 gasification. Table 1 presents the approximate and elemental analysis of precursor and SPAC. After undergoing activation process, the volatile matter content decreased significantly whereas the fixed carbon content increased in SPAC. This was due to the pyrolytic effect where most of the organic substances have been degraded and discharged as gas and liquid tars leaving a material with high carbon purity . Adinata et al., 2007 found that increasing the carbonization temperature decreased the yield progressively due to released of volatile products as a result of intensifying dehydration and elimination reaction. Figs. 2(a) and (b) respectively show the morphology of the screw pine leaves and SPAC derived. As can be seen from Fig. 2(a) , the surface texture of the screwpine leaves was uneven, rough and undulating with very little pores available on the surface. However, after activation treatment, large pores can be observed on the sample surface as shown in Fig. 2(b) . During activation process, the CO 2 -carbon reactions occurred, which enhance the pores development thus increase the surface area and adsorption capacity of the sample. In addition, almost heterogeneous type of pores structure was distributed on the SPAC surface. 
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Effect of contact time and dye initial concentration
Fig . 3 shows the effects of contact time and initial concentration on the dye uptakes at 303 K. It was observed that the dye adsorption was fast at initial stage of 3h, thereafter it became slower until it reached a constant value where no more dye can be removed from the solution. This phenomenon was due to the fact that at initial stage, a large number of surface sites are available for adsorption. After a lapse of time, the remaining surface sites are difficult to be occupied because of the repulsion between the solute molecules of the solid and bulk phases. As the initial dye concentrations increase from 50 to 500 mg/L, the MB adsorption at equilibrium were found to increase from 49.75 to 366.79 mg/g. The initial dye concentration provided a powerful driving force to overcome the mass transfer resistance between the aqueous and solid phases ). It was observed that longer contact times were required by the MB dye solution of higher initial concentration to reach equilibrium. The contact times needed for MB dye solutions with initial concentrations of 50-100 mg/L to reach equilibrium were around 5-6 h. For dye solution of higher initial concentrations (200-500 mg/L), equilibrium times of 22-24 h were required. This observation could be explained based on the fact that initially, MB dye molecules have to first encounter the boundary layer effect and then diffuse from boundary layer film onto adsorbent surface. Finally, it has to diffuse into the porous structure of the adsorbent ). Thus, MB dye solution with higher initial concentration would take relatively longer contact time to attain equilibrium due to the higher amount of adsorbate molecules. In fact, Fig. 4 shows the removal (%) of MB dye uptake at various initial concentrations. It was observed that when the initial MB dye concentration increased from 50 to500 mg/l, the percentage removal of MB dye decreased from 99.5% to 73.4%. It could be explained from the following aspects. The higher initial MB dye concentration increased the driving force to overcome the mass transfer resistance of MB dye between the aqueous and adsorbent resulting in a higher chance of collision between the MB dye molecules and adsorbent. The higher initial MB dye concentration solution led to more binding sites on the adsorbent surface compared to a lower initial MB dye concentration. Fig. 5 illustrates the effect of initial pH on the MB onto SPAC. From the figure, MB removal was increased as pH solution increased. The maximum MB removal was recorded at pH 11, which was 99%. At low pH, the excess of H + ions at activated carbon surface competing with the dyes cation for adsorption sites cause low in MB adsorption. While at higher pH, the activated carbon's surface was negatively charged and facilitates the MB adsorption.
Effect of initial pH
Similar trend was observed for adsorption of MB onto garlic peel (GP) ). The adsorption capacity was found to increase with increase of pH. At high pH, the surface of adsorbent become negatively charged and enhanced the positively charged MB cation through electrostatic force of attraction. By increasing of pH (pH 2 to 12), the adsorption capacity of Salix Psammophila activated carbon for MB adsorption had increased (Bao et al., 2012) . 
Adsorption isotherms
Langmuir model is based on the assumption that adsorption energy is constant and independent of surface coverage. The maximum adsorption occurs when the surface is covered by a monolayer of adsorbate (Altenor et al., 2009 ). The linear form of Langmuir isotherm equation is given as:
where C e (mg/L) is the equilibrium concentration of the MB dye, q e (mg/g) is the amount of MB adsorbed per unit mass of adsorbent. Q o (mg/g) and K L (L/mg) are Langmuir constants related to adsorption capacity and rate of adsorption, respectively.
Freundlich model is based on sorption on a heterogeneous surface of varied affinities (Khaled at al., 2009 ). The logarithmic form of Freundlich was given as:
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Where K F and n are Freundlich constants with n as a measure of the deviation of the model from linearity of the adsorption and K F (mg/g (L/mg) 1/n ) indicates the adsorption capacity of the adsorbent. In general, n>1 suggests that adsorbate is favorably adsorbed on the adsorbent. The higher the n value the stronger the adsorption intensity.
Temkin isotherm assumes that the heat of adsorption of all the molecules in the layer would decrease linearly with coverage due to adsorbentadsorbate interaction. The adsorption is characterized by a uniform distribution of binding energies (Temkin, 1940) . Temkin model is expressed as:
where RT/b T = B (J/mol), which is the Temkin constant related to heat of sorption whereas A (l/g) is the equilibrium binding constant corresponding to the maximum binding energy. R (8.314 J/mol K) is the universal gas constant and T (K) is the absolute solution temperature. Table 2 summarizes all the constants and coefficient of determination, R 2 values obtained from the three isotherm models applied for adsorption of MB dye on the SPAC. On the basis of the R 2 , Freundlich isotherm seemed to represent the equilibrium adsorption data with better fit as compared to the other isotherms. This explains the heterogeneous nature of the SPAC surface (Wang et al., 2010) . The value of n is greater than unity, suggesting that MB dye was favorably adsorbed by SPAC. Table 3 shows the comparison of the maximum monolayer adsorption capacity of MB dye obtained using activated carbon derived from various agricultural by-product. The SPAC prepared showed relatively large MB dye adsorption when compared to some previous works reported in the literature. The essential characteristics of Langmuir equation can be expressed in terms of dimensionless separation factor, R L, defined as (Weber et al., 1974 
where C o is the highest initial solute concentration whereas R L value implies the adsorption to be Fig. 5 represents the calculated R L values versus the initial concentration of MB dye at 303K. It can be seen that all the R L values obtained were between 0 and 1, showing that the adsorption of MB dye on the SPAC was favourable at the conditions being studied. As the MB dye initial concentration increased from 50 to 500 mg/L, the R L values were found to decrease, indicating that the adsorption was more favourable at higher MB dye concentration.
Adsorption kinetics
In order to analyze the adsorption kinetics of MB dye on SPAC, two kinetic models; pseudo-first-order and pseudo-second-order kinetic were applied for the experimental data. In addition, the intraparticle diffusion model was further tested to determine the diffusion mechanism of the adsorption process. 
Pseudo-first-order kinetic model
The pseudo-first-order kinetic model equation by Ho and McKay (1998) was widely used to predict sorption kinetic and was defined as: (8) where q e and q t (mg/g) are the amounts of adsorbate adsorbed at equilibrium and at any time, t (h), respectively and k 1 (1/h) is the adsorption rate constant. The linear plot of ln (q e -q t ) versus t gives a slope of k 1 and intercept of ln q e as shown in Fig. 6 . The values of k 1 and R 2 obtained from the plots for adsorption of MB dye on the adsorbent at 303 K are reported in Table 4 . It was observed that the R 2 values obtained for the pseudo-first-order model did not show a consistent trend. Besides, the experimental q e values did not agree with the calculated values obtained from the linear plots. This shows that the adsorption of MB dye on the adsorbent does not follow a pseudo first-order kinetic model. 
Pseudo-second-order kinetic model
The pseudo-second-order equation by Ho and McKay (1998) predicts the behavior over the whole range of adsorption and is expressed as:
where k 2 (g/mg h) is the rate constant of secondorder adsorption. The linear plot of t/q t versus t gave 1/q e as the slope and 1/k 2 q e 2 as the intercept. 
Adsorption mechanism
The kinetic results were further analyzed for the diffusion mechanism by using the intraparticle diffusion model. The intraparticle diffusion equation is expressed as:
where k pi (mg/g h 1/2 ), the rate parameter of stage i, is obtained from the slope of the straight line of q t versus t 1/2 . C i represent the boundary layer effect which means that the larger the intercept, the greater the contribution of the surface sorption in the ratecontrolling step ). The q t versus t 1/2 will be linear if the intraparticle diffusion occurs. The rate limiting process is only due to the intraparticle diffusion if the plot passes through the origin. Otherwise, some other mechanisms along with intraparticle diffusion are also involved ). Fig. 8 shows the intraparticle diffusion plots for the adsorption of MB dye on SPAC at 303 K for various MB dye initial concentrations. As observed from the plot, the first sharper region completed within 0.5 h was the instantaneous adsorption and is probably due to a strong electrostatic attraction between dye and the external surface of adsorbent. The second stage is a gradual adsorption stage, which can be attributed to intraparticle diffusion of dye molecules through the pores of adsorbent. In some cases, the third region existed especially when the MB dye initial concentration were high, which was the final equilibrium stage when intraparticle diffusion started to slow down due to the extremely low adsorbate concentration in the solution (Wang et al. 2010 ). For MB dye solution of lower initial concentrations of 50-100 mg/L, the third region did not exist as most of the MB dye molecules had already been adsorbed on the adsorbent as it attained equilibrium state within the first 0.5-2.5 h of adsorption time. It was observed that the linear lines of the second and third stages did not pass through the origin. Therefore, intraparticle diffusion was not the only rate limiting-step and boundary layer control may be involved in the process . The values of k pi , C 1 and R 2 obtained for the three regions from the plots are given in Table 5 . It showed that the k p values for the three regions increase with increase in dye initial concentration. The result revealed that an increase in adsorbate concentration results in an increase in the driving force, which leads to an increase in the MB dye diffusion rate (Weng et al., 2009) . It was observed that the values of intercept increase with increase in initial dye concentration from 50 to 500 mg/L which is an indication that the increase of the thickness of the boundary layer (Khaled et al. 2009 ). The kinetic data were further analyzed using the Boyd model in order to predict the actual slow step involved in the adsorption process. The Boyd model equation is expressed as:
(11) where F represents the fraction of solute adsorbed at any time, t (h), as calculated using Eq. (12). 
Adsorption thermodynamics
There are three thermodynamic parameters that must be considered to characterize the adsorption process which are the standard enthalpy (ΔH 0 ), standard free energy (ΔG 0 ) and standard entropy (ΔS 0 ). The values of ΔH 0 and ΔS 0 can be obtained from the following equation: (15) where k 2 (g/mg h) is the rate constant obtained from the pseudo second-order kinetic model, E a (kJ/mol) is the Arrhenius activation energy of adsorption and A is the Arrhenius factor. When ln k 2 was plotted against 1/T, a straight line with slope of −E a /R was obtained.
The calculated values of ∆H o , ∆S o , ∆G o and E a for adsorption of MB dye on SPAC are reported in Table  6 . The positive ∆H o value indicates that the adsorption process was endothermic in nature which is consistent with the results obtained earlier where the MB dye uptakes increase with increase in solution temperature (Alkan et al., 2003) .
The ∆G o values were positive which reflect the non-spontaneous nature of the adsorption processes at the range of temperature studied. The positive ∆G o values determine that the reaction rate is decreasing with an increase in temperature (Deniz et al., 2010 , Ayar et al., 2008 . The negative value of ∆S o reflects decreasing randomness at the solid/solution interface with some structural changes in the adsorbate and adsorbent during the adsorption process. This phenomenon had also been observed in the adsorption of Acid Orange 52 dye by Paulownia tomentosa Steud leaf powder (Deniz et al., 2010) and methyl orange by magnetic composite bio-adsorbent (Zhu et al., 2010) but the positive value of ∆S o obtained showed the affinity of the adsorbent and the increasing randomness at solid-solution interface with some structural change in the adsorbate and adsorbent during the adsorption process ).
From Table 6 , E a values were positive, indicating the feasibility of the adsorption process. Besides, E a values are lower than 40 kJ/mol, showing that the rate-limiting step in the MB dye adsorption process might be physically controlled. Physical adsorption occurs usually at low temperature compared to chemical adsorption. In addition, the physical adsorption is usually a faster process than the chemical adsorption (Ayar et al., 2008) . 
CONCLUSION
In the present study, the adsorption of MB dye was found to increase with increase in contact time and dye initial concentration. The Freundlich isotherm model and the pseudo-second order kinetic model were found to fit the adsorption data well. Boyd plot revealed that the adsorption of MB on SPAC was controlled by film diffusion. From the thermodynamic studies, the adsorption process was endothermic and non-spontaneous in nature. SPAC was shown to be a promising as an alternative adsorbent for removal of MB dye from aqueous solution over a wide range of concentrations.
